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Scaffold proteins organize many MAP kinase path-
ways by interacting with several components of
these cascades. Recent studies suggest that scaf-
fold proteins provide local activation platforms
that contribute to signal specificity by insulating
different MAP kinase pathways. 
Mitogen-activated protein (MAP) kinases regulate a
variety of cellular processes in response to extracellu-
lar and intracellular signals. MAP kinases are activated
through a protein kinase cascade in which a MAP
kinase kinase kinase (or MEKK) activates a MAP kinase
kinase (or MEK) that in turn activates the MAP kinase
by phosphorylation. These MAP kinase modules are
often associated with scaffold proteins, but the mole-
cular roles of these scaffolds has remained elusive [1]. 
In yeast, distinct MAP kinase pathways regulate
mating, invasive growth and the response to high
osmolarity (Figure 1) [2]. Because the MEKK Ste11p
functions in all three MAP kinase pathways, a problem
of specificity arises: how does Ste11p know by which
upstream signal it has been activated (referred to as
pathway specificity)? Indeed, mutationally activated
Ste11p simultaneously induces all three pathways [3,4].
Recent work now demonstrates that pathway speci-
ficity is mediated at least in part by scaffold proteins. 
Scaffolds Localize and Insulate Specific MAP
Kinase Pathways
In the mating pathway, the scaffold protein Ste5p
associates with the MEKK Ste11p, the MEK Ste7p and
the MAP kinase Fus3p (Figure 1) [5]. Similarly, the
MEK Pbs2p functions as a scaffold, and interacts with
Ste11p and the MAP kinase Hog1p in the high osmo-
larity-glycerol pathway [6]. So far, a scaffold protein
has not been identified for the filamentation pathway.
In a paper published recently in Current Biology,
Harris et al. [7] used a fusion approach to probe the
biological function of scaffold proteins. First, they 
generated fusion proteins between active Ste11p 
and either of the scaffold proteins Ste5p or Pbs2p.
Strikingly, the Ste11p–Ste5p hybrid specifically
induces the mating pathway by activating Fus3p,
whereas the Ste11p–Pbs2p hybrid induces a high
osmolarity response by activating Hog1p. Thus, 
activated Ste11p becomes confined to a particular
pathway when attached to a pathway-specific scaffold,
demonstrating that scaffolds actively channel signal-
ing towards the appropriate MAP kinase (Figure 2a).
Moreover, these results show that scaffold proteins
exclude potential substrates from access to an 
activated kinase. 
Harris et al. [7] then analyzed fusions between
Ste11p and its downstream kinases Ste7p or Pbs2p.
Intriguingly, the Ste11p–Ste7p fusion protein can
mimic attachment of Ste11p to the scaffold Ste5p,
implying that scaffolds dictate substrate use and
promote signaling specificity by presenting a preferred
substrate in high concentration. Because scaffolds are
able to actively recruit MAP kinase modules to spe-
cific subcellular sites [8,9], they also contribute to the
spatial organization of MAP kinase signaling. Taken
together, these results demonstrate experimentally
that scaffolds localize specific MAP kinase modules
and insulate signaling networks in vivo. Such pathway
insulation is physiologically important, as cells
expressing activated Ste11p exhibit a poor mating
response because of simultaneous activation of the
Hog1p pathway.
Finally, although artificial, the fusion strategy used
by Harris et al. [7] provides a simple method to force
two proteins into a functional complex, which may
have broad implications for converting other multi-
functional proteins into pathway-specific forms. For
example, fusions between kinases with particular sub-
strates or small GTPases with specific effectors may
provide useful tools to probe specific cellular func-
tions, or limit their range to specific subcellular com-
partments. In addition, this approach may allow
scientists to screen for molecules that impart specific
roles to multifunctional proteins. 
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Figure 1. Schematic overview of yeast MAP kinase modules
that share Ste11p.
Extracellular signals such as mating pheromones, osmotic
stress and low nitrogen activate specific MAP kinase modules.
Ste5p and Pbs2p function as scaffold proteins that organize
and insulate the individual components. For further details see
the text. 
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MAP Kinases Actively Contribute to Pathway
Specificity 
Although these new results demonstrate that scaffolds
localize and channel MAP kinase activation, this cannot
be the only mechanism to ensure pathway specificity.
O’Rourke and Herskowitz [10] have shown that hog1∆
cells inappropriately activate the mating pathway in
response to high extracellular osmolarity, despite the
presence of functional scaffolds. Their study suggested
that the MAP kinases themselves prevent crosstalk to
other pathways. Support for this notion is provided by
two recent papers in Current Biology and Molecular
Cell, which show that pheromones not only activate the
MAP kinase Fus3p, but also Kss1p [11,12]. However,
although Kss1p contributes to the expression of
pheromone-responsive genes, it is unable to induce fil-
amentation genes in response to α-factor [11,13]. In
contrast, filamentation genes are induced in fus3∆
cells, suggesting that Fus3p prevents crosstalk to the
filamentation pathway (Figure 2b). 
While part of this regulation may occur at the level
of transcription [14], new results suggest that Fus3p
directly interferes with activation of other MAP
kinases. Indeed, the extent and duration of Kss1p
activity is increased in fus3∆ cells [12], suggesting that
activation of Kss1p is inhibited by Fus3p. Although
both Kss1p and Fus3p are phosphorylated early after
pheromone addition, phosphorylation and activity of
Kss1p decreased at later times. Thus, Fus3p may limit
activation of Kss1p thereby blocking the filamentation
pathway after prolonged α-factor treatment (Figure 2b).
This observation resembles the situation for some
mammalian MAP kinase pathways, where the magni-
tude and duration of MAP kinase activation may
specify signal identity and determine the physiological
outcome. The mechanism behind the interference of
Fus3p with the activation of Kss1p is not known at
present. It is possible that Fus3p induces or activates
a Kss1p-specific phosphatase, or that negative feed-
back within the kinase cascade interferes with
upstream regulators (see below). 
Negative Feedback Loops Restrict MAP Kinase
Cascades
Recent work has also highlighted the importance of
negative feedback loops operating within MAP kinase
modules (Figure 2c). For example, Fus3p is able to
phosphorylate its activator Ste7p [15], although the
functional significance of this phosphorylation has not
been investigated. Interestingly, a kinase-inactive
Fus3p mutant shows increased phosphorylation on its
activating residues, consistent with enhanced activity
of one or both of the upstream kinases. Negative feed-
back in response to Fus3p activation also targets
Ste11p. Using a reconstituted Fus3p kinase module,
Breitkreuz et al. [11] show that Ste11p ‘disappears’
from the Ste5p scaffold in a Fus3p-dependent manner,
suggesting that the complex is either disassembled
after activation, or that Ste11p is degraded. Indeed, in
contrast to Ste7p and Fus3p, Ste11p cannot be
detected at mating projections (shmoo tips) [9],
although its binding to Ste5p is required for signaling
through the mating pathway. Recent results demon-
strate that active Ste11p is indeed unstable in vivo and
degraded in a MAP-kinase-dependent manner (our
unpublished results). Thus, we speculate that down-
stream MAP kinases degrade activated Ste11p to
prevent activated Ste11p from ‘spilling over’ into other
pathways. Alternatively, downregulation of the
upstream regulators Ste7p and Ste11p by activated
Fus3p may limit its activation, thereby ensuring a tran-
sient biological response.
MAP Kinases Possess Intrinsic Substrate
Specificity
While scaffold molecules and feedback loops ensure
specific MAP kinase activation, they are unlikely to
directly contribute to substrate recognition of MAP
kinases. Photobleaching experiments revealed that
activation of Fus3p triggers its dissociation from
Ste5p [9]. In turn, activated Fus3p rapidly translocates
into the nucleus in a scaffold-independent manner,
implying that substrate specificity must be contained
within the MAP kinases themselves. In contrast, Ste5p
remains stably bound at sites of activation, suggest-
ing that it may activate many Fus3p molecules and
thus amplify the pheromone signal. Nuclear substrates
of Fus3p include the cyclin-dependent kinase inhibitor
Far1p [16] and the transcriptional repressors Dig1p
and Dig2p [17,18]. Interestingly, Fus3p but not Kss1p
is able to phosphorylate Far1p in vivo and in vitro,
while both Kss1p and Fus3p phosphorylate the Dig
Figure 2. Distinct mechanisms contribute
to pathway specificity.
(A) Scaffolds interact with components of
MAP kinase cascades and channel the
activity towards specific MAP kinases.
(B) Activated Fus3p interferes with the
activation of Kss1p activation after pro-
longed exposure to α-factor, thereby pre-
venting a filamentous response during
mating. (C) Negative feedback loops
operate on the upstream kinases Ste7p
and Ste11p. These feedback mechanisms
may temporally limit MAP kinase activa-
tion, and possibly prevent crosstalk
between different MAP kinase pathways.
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proteins [11]. As all MAP kinases phosphorylate very
similar motifs with the minimal consensus sequence
Ser/Thr–Pro [19], it is important to provide further
specificity determinants. Indeed, many substrates
interact with MAP kinases through conserved docking
regions [20], which contribute to specificity by recruit-
ing the kinases to the correct substrates and enhance
their fidelity and efficiency of action. Little is known
about these domains in yeast MAP kinases, and it will
be important to identify mutants that specifically alter
their substrate specificity. 
In summary, these new results reveal intriguing
mechanisms, which together ensure MAP kinase
pathway specificity in vivo (Figure 2). The papers high-
light the particular importance of scaffold molecules
and suggest that MAP kinases and feedback loops
contribute to activation kinetics and pathway insula-
tion. A future challenge will be to determine the MAP
kinase substrates that are involved in pathway speci-
ficity, and to identify specific substrate docking sites
on MAP kinases. Given the remarkable conservation
of MAP kinase modules, these mechanisms are likely
to serve as paradigms for the regulation of mam-
malian MAP kinase pathways. 
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